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Abstract 
 Input-output (I-O) analysis, which is an economic analysis approach using an industrial commodity table, is used to analyze 
inventories of embodied energy and environmental burdens of a product. The study aims to analyze the effect of environment, 
energy and economy on wind power generation system with an input-output analysis method. New sectors in an input-output (I-O) 
table were developed based on the actual data of wind turbine production processes.They cover a wind power generation sector as 
well as wind power technology sectors such as manufacturing industries of tower, nacelle, rotor, cables, transformer and 
construction. Both energy saving and CO2 emission reduction were estimated under the constant electricity demand including the 
demand of a wind power generation sector by adding these seven sectors into the year 2005 I-O table in Japan. The induced 
production and added value were also investigated for all sectors related to the wind power generation system by the life cycle I-O 
analysis method. The amount of positive induced production and added value is larger than the negative ones induced by 
substituting the electricity of wind power generation for a part of a conventional power generation in an electricity sector. 
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1. Introduction 
Wind power generation is an attractive and clean source of energy with environmentally friend production using 
green power. However, indirect environmental burden is generated in the stages of manufacturing and construction for 
a wind power generation system. It is needed to investigate environmental impacts on an entire life cycle stages of 
manufacturing, construction, operation, maintenance and disposal for power generation system of renewable energy. 
Life cycle assessment (LCA) is one of the useful methods to analyze the entire environmental burdens for products as 
well as technologies [1]. Life Cycle Inventory (LCI) analysis is foremost constituent of LCA, in which the data are 
collected and organized. LCI is the basis to evaluate comparative environmental impacts or potential improvements.  
Two different methods of process analysis and input-output analysis are utilized to investigate the LCI of energy 
supply systems. Ahybrid LCI is a useful tool to be able to cover entire life cycle stages by combining a matrix 
method of process analysis with the input-output analysis method. Mizumoto et al. developed the hybrid LCI method 
to analyze economic and environmental inventories of photovoltaics (PV) system [2]. The study aims to apply the 
methodology for the inventory analysis of wind power generation system.  
In the method, all material requirements in processes of life cycle stages are elements of a matrix. Life cycle 
processes in the matrix represent hypothetical sectors as final demand vector of an input output table. New sectors 
related to wind power generation system are developed in an existing I-O table. The economic impact due to the 
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R = PX
installation of wind power generation system is analyzed by using the I-O table. Energy consumption and CO2 
emission are calculated according to the economic impact and coefficients of them. 
 
Nomenclature 
X Vector of domestic production 
I  Unit matrix 
A Matrix of input coefficient 
Fd Vector of domestic final demand 
E Vector of export 
M’ diagonal matrix with diagonal elements as import coefficient 
R Vector Added value 
P Matrix of Added value coefficient 
Renergy Vector of Energy consumption 
Penergy Matrix of Energy consumption coefficient 
RCO2 Vector of CO2 emission 
PCO2 Matrix of CO2 emission coefficient of j sector 
Ahybrid Matrix of input coefficient in hybrid model 
A* Matrix of commodity by commodity input output technology coefficient 
Cu Matrix which represents upstream cut-off flows to process data 
Cd Matrix which represents downstream cut-off flows to the I-O table from process data 
2. Methodology 
2.1. Input-output analysis 
Input-output table represents domestic industrial structure in one country. The table is composed of technical 
coefficient matrix expressing both input and output configuration of each sector based on production activity of goods 
and services in a certain area and at a certain period. The basic table of the year 2005 edition is available for the latest 
national table in Japan [3].The total amount of industry output X required by an arbitrary final demand for industry 
output is calculated by the equation (1). 
 
(1) 
 
  Domestic production induced by final demand can be divided into intermediate demand and added value. An added 
value R for the domestic production of each sector is represented by the equation (2).  
 
 (2) 
 
The amount of industry-wide energy consumption and environmental intervention generated by an arbitrary final 
demand for industry output is calculated by equation (3). 
 
(3) 
 
Both energy consumption coefficient as well as CO2 emission coefficient of each sector are refers to data book [4] 
representing energy consumption and environmental intervention per unit of industry output, respectively. 
2.2. Hybrid I-O analysis 
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Wide variety industries in our society are integrated in an I-O table in which approximately 400 sectors exist. There 
is not any sector such as expressing renewable energy generation systems clearly in existing I-O table. Therefore, it is 
difficult to analyze such a system considering the technological characteristics of the system expressly. I-O analysis is 
generally less reliable than process analysis [5] [6]. Suh and Huppes presented a hybrid model which integrated the 
structure of a process analysis with an I-O analysis within a mathematical framework throughout the whole life cycle 
of a product [5]. Using the hybrid model, detailed information of the process is fully incorporated into the I-O model.  
Jiang et al. conduct an LCA to evaluate the energy consumptions and environmental emissions of an engine with the 
hybrid life cycle analysis method [6]. The mathematical model is represented by the equation (4). 
 
 
(4) 
 
 
Matrix A* is the commodity-by-commodity input–output technology coefficient matrix. All life cycle stages can be 
expressed by the technology coefficient matrix A*, and A* is expressed in various physical units per unit operation 
time for each process and commodity. 
Matrix Cu represents upstream cut-off flows to the process data, linked with relevant industry sector in I-O table, 
and Cd does downstream cut-off flows to the I-O table from the process data. Each element of Cu has a unit of 
monetary value per operation time while that of Cd has a unit of physical unit per monetary value. Matrix A is the 
same as an existing I-O table. 
 
3. Data set 
The data of wind power generation system which is assumed the installation is product and process data from LCA 
of V82-1.65 MW of Vestas Wind System A/S [7] [8]. Wind turbines for power generation are used those produced in 
not only the own country but also outside the country. Overseas wind turbines are imported from countries such as 
Denmark, Germany and China. Among these countries, Vestas which is a company of Denmark has conducted the 
report of a wind power generation system about not only product data but also construction materials of the system. In 
this study, the report is quoted to determine Cu which represents specifications of the wind power generation system. 
The specification of the wind power generation system is suggested in Appendix A and B. 
3.1. Development of new sectors 
In order to analyze expressly, it is developed in the I-O table that new sectors related to a wind power generation 
system such as “Tower”, “Nacelle”, “Rotor”, “Cables”, “Transformer”, “Foundation” and “Wind power utility” based 
on the process data of the system.  
The sectors on wind turbine manufacturing and construction, in particular “Tower”, “Nacelle”, “Rotor”, “Cables”, 
“Transformer”, “Foundation”, are defined as sectors which expresses input and output configuration for manufacturing 
and construction of the system components. “Wind power utility” sector is defined as a sector which expresses 
operation and electricity generation by the system and power transmission to each industrial sector. Domestic 
production of the sector was estimated as electricity prices according to total annual amount of power generation by 
the system (2.89 GWh, which is assumed capacity factor as 20%). Unit price is fixed price of wind power defined by 
the feed-in tariffs (FIT) for renewable energy regulated by the government energy policy in 2012 (23.76 yen/kWh). As 
a result, domestic production was calculated as 68.68 million yen. 
3.2. Detail of matrix of input coefficient in hybrid model 
Matrix Ahybrid has 411 rows and 411 columns. Four submatrices A*, Cu and Cd are synthesized into the matrix. 
Matrix A* has 7 rows and 7 columns and it is assumed to be zero matrix due to the assumption in which sectors related 
to wind turbine manufacturing and construction do not trade materials nor  commodity each other sector. 
Cu has 404 rows and 7 columns and sectors related to manufacturing and construction, in particular “Tower”, 
“Nacelle”, “Rotor”, “Cables”, “Transformer” and “Foundation”, are calculated by converting quantity data, which is 
process data from the report by Vestas [8], into amount of money and fitting to sector classification of existing I-O 
table. The sectors of service and added value for manufacturing and construction are estimated approximately by using 
1
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the input configuration ratio of the similar sector of each new sector. In calculation of “Wind power utility” sector, the 
calculated domestic production (68.68 million yen) is distributed parallel to operating costs ratio in Appendix C [9]. 
Cd has 7 rows and 404 columns and sectors related to manufacturing and construction are only accounted for 
“domestic fixed capital formation” which is in final demand due to the contraction commodities which are not quoted 
as the endogenous commodities. In calculation of “Wind power utility” sector, it is estimated that the amount of 
electricity supply and its rate of supply to each sector in I-O table. The amount of generated electricity by the wind 
power is distributed parallel to the rate. Both electricity generated by the conventional power sector and electricity 
generated by the wind power sector are regarded as common products. Therefore, domestic electricity production of 
the conventional power sector is substituted from the new wind power sector. In terms of the wind power sector, 
electricity generated is purchased by the price of FIT which becomes a negative effect induced from the difference of 
output between wind power sector and the conventional power sector. The amount of output sector of wind power, 
output decrease of the conventional power sector and difference value is detail in Appendix D. 
A has 404 rows and 404 columns and it is same as existing I-O table in 2005, Japan [3]. It should be noted that 
sectors on wind turbine manufacturing and construction are single year analysis, but wind power sector is 20 years 
analysis considered lifetime of the system. Therefore output of wind power sector is converted to the current value, 
which is assumed discount rate as 3%. This condition setting is reflected in results of this study. 
 
4. Results and discussion 
4.1. Economic effect 
As a result of I-O analysis using I-O table which was developed new sectors related to wind power generation 
system, inducing amount of domestic production and added value in manufacturing, construction, and operation were 
estimated to be 1155 million yen and 965 million yen, and the breakdown was in Table 1. In each industrial sector of 
domestic production, the largest direct effect is “Wind power”, which is shared 45%, and high indirect effect is in 
“Ceramic, stone and clay”, “iron and steel”, “construction” and “Finance and Insurance”, which is shared 4.2%, 4.3%, 
4.8% and 6.8%. In each industrial sector of added value, the largest direct effect is “Tower”, which is shared 8.4%, 
and high indirect effect is in “Ceramic, stone and clay”, “Iron and steel” and “Business services”, which is shared 
8.2%, 10% and 7.2%.  
Considering negative effect which is output decrease of the conventional power sector and additional cost, net 
value is positive. It means that the entire economic effect of installation of wind power generation system is positive 
value while there is a part of economic burden in each sector. Fig.1 shows inducing amount in each sector and net 
value. These values are converted to per kWh for comparison with other power generation technology. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. amount of induced production and added value per kWh 
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     Inducing amount of energy consumption and CO2 emission in manufacturing, construction, and operation were 
estimated to be 16 TJ and 1316 t-CO2, and the breakdown was in Table 1. In each industrial sector of energy 
consumption and CO2 emission, the largest direct effect is “Rotor”, which is shared 2.6% and 2.0%. The largest 
indirect effect is “Iron and steel” and “Power, gas and heat supply”, which is shared energy consumption 32% and 
27%, and CO2 emission 39% and 21%. 
     Considering negative effect which is output decrease of the conventional power sector, net value of energy 
consumption and CO2 emission are negative. It means that the amount of energy consumption and CO2 emission by 
installation of wind power generation system are both smaller than energy saving and CO2 emission reduction by 
output decrease of the conventional power sector. Fig.2 shows inducing amount of energy consumption and CO2 
emission in each sector and net value. These values are converted to per kWh for comparison with other power 
generation technology. 
 
 
 
 
 
 
 
 
 
 
 
           (a) Energy consumption           (b) CO2 emission 
 
Fig.2. Induced amount of environmental impact per kWh 
 
Table 1. Inducing amount in each sector 
 
Sector 
Domestic 
production 
(One million yen) 
Added value 
(One million 
yen) 
Energy 
consumption 
(TJ) 
CO2 emission 
(t-CO2) 
Manufacturing and 
construction 396.35 154.05 11.33 944.85 
Tower 108.57 40.39 4.00 341.05 
Nacelle 81.26 32.91 2.43 187.64 
Rotor 66.65 24.51 2.06 146.79 
Cables 85.86 31.39 1.13 73.52 
Transformer 3.59 1.66 0.11 7.32 
Foundation 50.40 23.19 1.60 188.54 
Wind power utility 1154.85 810.72 5.14 371.13 
Subtotal 
(Positive value) 1551.21 964.77 16.46 1315.97 
Output decrease of  
the conventional 
power sector 
-852.58 -415.78 -213.29 -12094.99 
Negative effect - -306.29 - - 
Total 
(Net value) 698.63 243.00 -196.82 -10779.01 
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5. Conclusion 
In this study, new sectors related to a wind power generation system ware developed in I-O table, and it was 
analyzed that economic effect, energy consumption and CO2 emission with the installation of the system. As a result, it 
is clear that negative economic effect which is production decrease of conventional power sector and additional cost is 
smaller than the positive effect of installation of the wind power generation system. The installation is effective to save 
energy and to reduce CO2 emission with considering net value energy consumption and CO2 emission. In each 
industrial sector, the impact of materials and energy are large for manufacturing, construction and operation of the 
system, in particular “Iron and steel” and “Power, gas and heat supply”. As the reason for these results, it is considered 
that the material and energy of these sectors are often used to the wind power generation system or the conventional 
power generation system and environmental load factor of these sectors are originally higher than other sectors. 
This study is results of analysis in Japan, so social structure in Japan is reflected and it is linked to the result of I-O 
analysis. However, the factor from the technological characteristics of wind power generation system does not change 
significantly, so it is suggested that installation of wind power generation system which has such technological 
characteristics affords a favorable effect to Japan. 
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Appendix A.  Specification of the wind power generation system[7] 
Parameters Amounts Unit 
Diameter 82 m 
Area swept: 5.281 m2 
Nominal revolutions: 14.4 rpm 
Number of blades: 3 - 
Cut- in wind speed: 78 (approx.) m 
Nominal wind speed: 3.5 m/s 
Cut-out wind speed (10 minutes): 13 m/s 
Hub height (50Hz, 230V:) 20 m/s 
Nominal output: 1.650 kW 
 
Appendix B. Construction materials of the wind power generation system[8] 
Components Weight (t) 
Tower 135.20 
Steel 126.10 
Aluminum 2.60 
Electronics 2.20 
Plastic 2.00 
Copper 1.30 
Oil 1.00 
Nacelle 50.60 
Cast iron 18.00 
Steel, engineering 13.00 
Stainless steel 7.80 
Steel 6.30 
Fiberglass 1.80 
Copper 1.60 
Plastic 1.00 
Aluminum 0.50 
Electronics 0.30 
Oil 0.30 
Rotor 42.20 
Cast iron 11.30 
Steel 4.20 
Steel, engineering 1.50 
Rest: Epoxy, fiberglass, birchwood, balsawood etc. 25.20 
Foundation 832.00 
Concrete 805.00 
Steel 27.00 
Cables* 15.71 
Aluminum 5.58 
Plastic 8.65 
Copper 1.48 
Transformer station* 0.96 
Steel 0.50 
Copper 0.13 
Transformer oil 0.21 
Rest: insulation, paint, wood, porcelain etc. 0.11 
*Notes: The values of cables and transformer station are calculated as per unit from the value of 182 units. 
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Appendix C. Operating costs ratio of the wind power generation system[9] 
Purpose Corresponding sector to I-O table Ratio (%) 
Depreciation and amortization Capital consumption allowance 40 
Property tax And corporate taxes Indirect taxes (excluding customs) 15 
Maintenance costs Construction repair 10 
Insurance and interest expense Finance and insurance 10 
Land rental costs Real estate brokerage and leasing 1 
General and administrative expenses compensation of employment 5 
profits Operating surplus 19 
 
Appendix D. Amount of new output of wind power sector, output decrease of the conventional power sector 
 output sector 
(One million yen) 
output decrease of conventional 
power sector 
 (One million yen) 
the difference value 
(One million yen) 
Endogenous sector 55.24 -28.28 -26.96 
Final demand 13.45 -12.75 -0.70 
 
 
 
